Effluents from recirculating aquaculture systems (RAS) contain high concentrations of nitrogen and phosphorous wastes and thus often require proper treatment to prevent potential detrimental impacts on receiving water bodies. The purpose of this study was to evaluate the feasibility of membrane filtration coupled with chemical precipitation as a pretreatment step with emphasis on phosphorus removal from RAS effluents. Chemical precipitation tests were conducted by adding magnesium chloride and alum at different chemical concentrations and pH values, respectively. Crossflow, flat-sheet membrane filtration modules were used to examine the effects of transmembrane pressure and crossflow velocity in terms of solid/liquid separation efficiency and permeate flux decline. The results showed that membrane filtration can effectively separate the phosphorus precipitates after chemical precipitation. The total phosphorus in the treated effluent was reduced to less than 0.05 mg L 21 with a removal efficiency of more than 90%. However, much lower removal efficiencies were obtained for total organic carbon (TOC), total nitrogen, and turbidity. It was concluded that membrane filtration coupled with chemical precipitation can become an effective, compact treatment technology to meet the stringent regulatory requirements for RAS effluent discharge.
T HE DEVELOPMENT and continued refinement of recirculating aquaculture systems (RAS) has been ongoing for more than thirty years in the aquafarming industry. These technologies can provide highly efficient systems to raise fish and shellfish in tanks in wellcontrolled, secured environments while at the same time requiring significantly less water and producing less effluent than conventional flow-through systems (Timmons et al., 2002) . However, high fish densities and repeated recirculation of the water within these systems pose challenges due to increased concentrations of various contaminants including: suspended solids (SS), nitrogen, phosphorus, and pathogens in the effluent streams. Of these, phosphorus is often considered to be the most critical to the receiving freshwater bodies because it can cause excessive growth of algae and other macrophytes (Stickney, 1994; Sauthier et al., 1998) . Algae blooms reduce water clarity, deplete dissolved oxygen, and increase mortalities in fish and other aquatic life.
In Ontario, all land-based aquaculture facilities with effluent discharges, including RAS facilities, must be designed with the objective of achieving a total phosphorus (TP) concentration of ,0.05 mg L 21 in the final effluent. If the background levels in a surface water supply exceed 0.05 mg L
21
, the design criterion requires that TP cannot exceed the background concentration (Government of Ontario, 1990) . Similar regulatory requirements have been reported by other provinces in Canada and the USA (USEPA, 1986 ; Ministè re del'Environnement du Qué bec, 1993; Water Policy and Coordination Directorate, 2004) . Hence, effective effluent treatment to maintain the high water quality required for fish production while meeting the requirements of environmental protection becomes critical for the future growth of the recirculating aquaculture industry.
At present, various water treatment processes are in use to treat the effluents from RAS. Among them are biofilters to separate SS and permit the growth of biofilms for nitrification (Abeysinghe et al., 1996; Greiner and Timmons, 1998; Malone and Beecher, 2000) ; gravity sedimentation (Otte and Rosenthal, 1979; Lekang et al., 2000) and dissolved air flotation (Jokela et al., 2001) to remove large SS; and ozone and UV processes to remove pathogenic microorganisms and dissolved organics (Krumins et al., 2001; Zhou and Smith, 2001 ). However, the removal of phosphorus from the final RAS effluent streams is much more challenging because phosphorus is usually present in soluble forms and resists chemical oxidation. Controlling phosphorus content in fish feed has been used to decrease its concentration in the effluent, but not to the level that would be satisfactory for discharge per regulatory requirements, while guaranteeing fish growth and health. Constructed wetland technology was reported to reduce phosphorus concentration to below 0.05 mg L 21 with 92% removal efficiency, provided that careful management was undertaken (Adler et al., 1996) . However, the requirement of large land area and the lower removal efficiencies during winter in cold regions often makes it less effective and very costly in practice.
Low pressure membrane technologies have been successfully used in municipal water treatment to remove suspended solids, colloidal matter, and microorganisms within a simple, single step, due to their effective solid/ liquid separation (Brindle and Stephenson, 1996) . They can also be used to remove various soluble contaminants when coupled with chemical precipitation as a pretreatment step. This is particularly promising for phosphorus because it can react with many metal ions to form pre-cipitates with a lower solubility product. Among the commonly used chelation chemicals is alum because of its ample availability, low cost, and proven efficiency. Recently, magnesium chloride hexahydrate has been proposed to precipitate phosphorus and ammonia simultaneously by forming an extremely low soluble struvite (MgNH 4 PO 4 Á6H 2 O) which can be used as a slow released agricultural fertilizer. Jaffer et al. (2002) reported that up to 97% of TP can be precipitated as struvite from municipal wastewater. Thus, the objective of the current study was to examine the improvement of membrane filtration by coupling chemical precipitation as a pretreatment step to treat RAS effluents, with emphasis on phosphorus removal.
MATERIALS AND METHODS
Wastewater samples were taken from the RAS units of the University of Guelph's Alma Aquaculture Research Station, Alma, Ontario. These units use a sequence of typical RAS modular processes to raise Arctic char and rainbow trout as shown in Fig. 1 . There are three independent systems, each consisting of 12 F1-m circular fiberglass rearing tanks with a rearing volume of 340 L per tank. Maximum design biomass for each system was 400 kg. Four wastewater streams are produced: (i) sump overflow, (ii) wastewater generated during tank cleaning operations, (iii) wastewater from the drum filter, and (iv) wastewater from the foam fractionator. Each of these streams was sampled separately and then mixed according to their volume ratios (130:6.5:5.5:1). The mixed samples were immediately stored in a constant-temperature refrigerator at 48C.
Both MgCl 2 and alum were selected for the chemical precipitation tests because of their proven performance to remove phosphorus from municipal wastewater. The basic chemical reactions along with their solubility products of the precipitants are (Metcalf and Eddy, 2003; Yoshino et al., 2003) However, many competing reactions also occur because of the complicated hydrolysis from these multi-valence ions and the complexation with aqueous organic materials. The stoichiometric relationships from the above reactions become inaccurate to estimate the chemical dosage. As a result, chemical precipitation tests were performed using standard Jar testing apparatus. It is equipped with six flat-addle stirrers to provide the mixing for six 2-L square jars separately. Immediately after adding the chemical solutions at preset doses, the wastewater was mixed at 250 rpm for 1 min to rapidly disperse the chemical solution uniformly, followed by a slow mixing at 30 rpm for 30 min to complete the precipitation. The treated wastewater samples were then settled in quiescent conditions for 30 min. To determine the effects of key factors on process performance, a series of precipitation tests were conducted by varying pH values and the chemical dosages. During testing, pH was controlled by dropwise addition of either 10N NaOH or 25% v/v HCl solution. The Al/P molar ratios ranged from 1.0 to 3.3, and Mg/P molar ratios from 1.0 to 4.5 to ensure the completion of precipitation reactions.
To predict the effect of the pH value in the chemical precipitation tests, a conditional solubility product was applied. For the dilute solutions, the conditional solubility product for MgNH 4 PO 4 Á6H 2 O was expressed as (Stumm and Morgan, 1981) :
where a Mg 5 1 1 1
; a N 5 1 1 1 O is a function of pH and is at its minimum at pH 10.8. Similar expressions can be written for alum, but the minimum P s occurs at pH 5.8.
Membrane filtration tests were conducted using three separate flat-sheet, crossflow membrane modules equipped with a data acquisition system to obtain real-time permeate flux (Fig. 2) . The test membrane was made of hydrophilic cellulose acetate with a nominal pore size of 0.22 mm (GE Osmonics, Minnetonka, MN). Each of the membrane modules consists of a flat-membrane filtration cell with a dimension of 120 (length) 3 50 (width) 3 1.727 mm (height). A variable-speed gear [1]
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pump was used to pump the influent from a feed tank through a flow meter into the bottom of the module. The influent flowed horizontally along the filtration cell so that the potential due to gravity sedimentation could be minimized. The permeate was collected from the top of the module into a beaker placed on an electronic balance, which was connected to a computer to record the real-time permeate flux. The concentrate was recycled back to the feed tank. During testing, the wastewater temperature in the feed tank was controlled using an immersed stainless-steel coil connected to a refrigerated recirculating chiller. The different transmembrane pressures and influent flow rates were obtained by adjusting the pressure valve and flow rotometer. Table 1 summarizes the main characteristics of the mixed raw wastewater. All water quality parameters including pH, SS, turbidity, total nitrogen (TN), ammonia-nitrogen (NH 3 -N), nitrite-nitrogen (NO 2 2 -N), nitrate-nitrogen (NO 3 2 -N), TP, Ortho-phosphorus (Ortho-P), total organic carbon (TOC), chemical oxygen demand (COD), alkalinity, and temperature were measured according to Standard Methods for the Examination of Water and Wastewater (American Public Health Association, 1995). Total organic carbon and TN were analyzed using a TOC analyzer (Model 5000A, Schimadzu, Kyoto, Japan) equipped with a TN detection module. Total phosphorous was measured using the ascorbic acid method with a UV/ visible spectrophotometer (Model 8453, Agilent Technologies, Waldbronn, Germany). Chemical oxygen demand was analyzed using the reflux method with potassium dichromate as the oxidant in sulfuric acid and silver ions as the catalyst. All the chemicals used for analyses and phosphorus precipitation were of analytical grade.
RESULTS AND DISCUSSION
For the purpose of comparison, three sets of experiments were conducted to treat RAS wastewater: (i) chemical precipitation, (ii) membrane filtration, and (iii) chemical precipitation followed by membrane filtration. The performances were compared in terms of contaminant removal and permeate flux.
Chemical Precipitation
Crystallization often occurs more rapidly once a seed crystal becomes available because the seed material can speed crystal growth through the crystallization of the nuclei (Mullin, 1961) . Wu and Bishop (2004) reported that seed materials with either sand or struvite would enhance the rate of the phosphorus precipitationcrystallization process from municipal wastewater, and that struvite is a better candidate than sand. As a result, a series of experiments were conducted to examine whether such enhancement would also occur in treating RAS wastewater by adding 1 g L 21 struvite (MgCl 2 .6H 2 O) or 1 g L 21 Ottawa sand with a mean particle size of 0.50 mm, respectively. The results showed that these seed materials caused little improvement in removing TP when precipitated at both pH 10.5 and 11.5. This may be attributed to the fact that there were enough SS in RAS wastewater already acting as crystallization nuclei and additional seeds were not needed. Though RAS wastewater had lower SS than municipal wastewater, the TP in treated RAS wastewater was lower than those typically in municipal wastewater. Therefore, no seed material was used in the following chemical precipitation tests with MgCl 2 . Fig. 3 shows the TP removal efficiency with MgCl 2 as a precipitant at different pH values and molar dose ratios. Consistent with previous results reported for the other wastewater treatments (Doyle and Parsons, 2002; Adnan et al., 2003; Doyle et al., 2003; Wu and Bishop, 2004; Parson and Doyle, 2004) , the completion of struvite precipitation strongly depends on pH value. Even though the conditional solubility product of struvite is the lowest at pH 10.8, the results showed that phosphorus precipitation increased as pH was increased. More than 99% TP removal efficiency was obtained only when the pH was 11.8. This slight deviation from theoretical values can be explained by the change in conditional solubility product for struvite. For example, natural organic materials may react with magnesium ions to form soluble complexes, reducing its availability for struvite formation. Further, the conditional solubility product for struvite is affected by both ion strength and ion activity, thus changing the struvite precipitation potential (Doyle and Parsons, 2002) . Also, when the pH value was increased to 10.9 or higher, flocculation was observed. At such a high pH, the precipitated struvite would become negatively charged, thereby acting as a coagulant to form larger aggregates in the solution and facilitating their separation from the wastewater (Kofina and Koutsoukos, 2003 . Consequently, only a slight overdosing of magnesium based on the stoichiometric relationship is required to precipitate out phosphorus as struvite from RAS wastewater.
In all, chemical precipitation with MgCl 2 can effectively precipitate the phosphorus from RAS wastewater with more than 99% removal efficiency when pH is 11.8 or higher and the Mg/P molar ratio is greater than 1.3. Total organic carbon was reduced by more than 80%. However, much lower removal efficiency was obtained for TN and even negative turbidity removal was obtained due to NH 4 Cl addition and the formation of new precipitates (Table 2) .
Similarly, Fig. 4 shows the TP removal efficiency in the effluent treated with alum as a precipitant at different pH values and molar ratios. Unlike MgCl 2 , alum was found to be the most effective for phosphorus precipitation at an approximate pH of 6. This is consistent with the theoretical prediction that the lowest conditional solubility product of AlPO 4 occurs at pH 6. When pH was reduced to 4.6, little removal of phosphorus was observed. This is because at such a low pH value phosphorus is mainly present in the form of HPO 4 22 or H 2 PO 4 2 , and thus becomes unavailable for chemical precipitation with alum. In contrast, when the pH was increased above 7, the phosphorus removal efficiency decreased because Al 31 can combine with OH 2 to produce different forms of aluminium hydroxides. Similarly, the higher alum doses resulted in more TP removal efficiency. This trend leveled off when the Al/P molar ratio became higher than 2.7, resulting in more than 93% TP removal efficiency. Again, this additional Al 31 dose is required for the completion of phosphorus precipitation due to the occurrence of competitive reactions with other anions in wastewater.
Chemical precipitation with alum reduced TOC by more than 70% due to chemical co-precipitation and adsorption. Little effect on TN removal efficiency was observed because it is mainly present in soluble forms in RAS wastewater. Turbidity removal efficiency was more than 90% indicating that the new precipitant was effectively removed by flocculation and sedimentation.
Membrane Filtration without Chemical Pretreatment
The contaminant removal efficiencies with membrane filtration are summarized in Table 2 . In general, the membrane filtration alone was able to remove TP by 60%, regardless of transmembrane pressure or crossflow velocity. As expected, membrane filtration alone had little impact on TOC and TN indicating that very small portions of TOC and TN existed in the form of solids, and could not be significantly removed by membrane filtration. Fig. 5 shows the typical plots of the relative permeate flux curves vs. time at different transmembrane pressures and crossflow velocities from the membrane filtration of raw RAS wastewater. The relative permeate flux was calculated as the ratio of permeate flux at any give time to that at the beginning under the same operation conditions. For all the tests, the relative permeate flux initially decreased rapidly, and then gradually approached an approximate steady-state. This can be attributed to the occurrence of membrane fouling due to the concentration polarization and particle deposition on the membrane surfaces and/or inside the membrane 7.7 6.8 7.5 8.5 1.0 Removal, % 9.3 7.7 6.5 0.1 31.7 † TP 5 total phosphorous, TOC 5 total organic carbon, TN 5 total nitrogen, MF 5 membrane filtration, TMP 5 transmembrane pressure, v 5 crossflow velocity. pores. Simultaneously, the accumulated particles and other fouling materials will be transported away from the membrane surfaces due to Brownian movement and surface shear caused by high flow velocity. The thicker the layer of particles accumulated is, the more particles can be sheared off from the membrane surface. As a result, a quasi steady-state permeate flux was observed after a period of filtration. Fig. 5 also shows that neither crossflow velocity nor transmembrane pressure had a significant effect on steady-state relative permeate flux. During the initial period of filtration, however, the relative permeate flux decreased more rapidly at higher transmembrane pressures. This is because the higher transmembrane pressure facilitates the accumulation and subsequent compaction of particles on the membrane resulting in a rapid increase in membrane filtration resistance. It should be noted that the absolute permeate flux was much higher under the higher transmembrane pressure than those under the lower transmembrane pressures because higher transmembrane pressure can provide a higher hydraulic driving force across the membrane.
It is commonly accepted that a higher crossflow velocity increases the permeate flux by increasing the hydrodynamic shear force, thereby scouring the deposited particles away from the membrane surface. However, Table 3 shows that the higher crossflow velocities resulted in the lower steady-state relative permeate fluxes obtained after 30 min of filtration. One of the possible explanations is that the higher crossflow velocities favored the deposition of small particles after scouring the larger deposited particles away from the membrane surface.
Membrane Filtration with Chemical Pretreatment
Recirculating aquaculture system wastewater was pretreated by chemical precipitation to examine any improvement in subsequent membrane filtration. Based on the above precipitation results, the pretreatments were performed at a Mg/P molar ratio of 2.0 and a pH of 11.8 for MgCl 2 , while at an Al/P molar ratio of 2.7 and a pH of 6.1 for alum. For the purpose of comparison, additional membrane filtration tests were conducted with the pretreated wastewater after settling for 30 min. The membrane filtration was performed at a constant transmembrane pressure of 75 kPa and a crossflow velocity of 0.62 m s 21 . Table 2 summarizes the contaminant removal efficiencies after membrane filtration was combined with chemical pretreatment. When the RAS wastewater was pretreated with either MgCl 2 or alum, subsequent membrane filtration consistently reduced the TP concentration in the effluent indicating excellent phosphorus precipitation and efficient solid/liquid separation by membrane filtration. Total phosphorous was removed by more than 90%, with ,0.05 mg L 21 residual concentration by either MgCl 2 or alum. This meets the strict regulatory discharge design limit of 0.05 mg L 21 absolute. As well, membrane filtration with pretreatment can increase the turbidity removal efficiency from 86 to more than 98%. However, its effectiveness to remove TN and TOC was limited because most of the nitrogen and organic compounds were dissolved in water. Table 3 summarizes the steady-state relative permeate flux with different pretreatments by MgCl 2 and alum. Even though the declines in relative permeate flux over time were similar in all the cases, the steady-state permeate flux varied greatly. As shown, both MgCl 2 and alum pretreatment more than doubled the steady-state relative permeate flux, suggesting that their use can greatly reduce membrane fouling. One possible reason is that water characteristics such as zeta potential and particle sizes were altered by chemical precipitation. Comparing the steady-state relative permeate fluxes obtained, presettling for 30 min before membrane filtration greatly increased the relative permeate flux for alum, but had little effect for MgCl 2 indicating that different precipitates had different roles in membrane fouling.
It should be pointed out that the absolute steady-state permeate fluxes in all the cases were larger than 100 L ) typically suggested for municipal wastewater treatment. This is because RAS wastewater usually contains fewer impurities on a concentration basis. Thus, it can be concluded that fouling would be much less severe when membrane filtration is used for RAS wastewater as compared to municipal wastewater.
CONCLUSIONS
The effluents from a recirculating aquaculture system were treated by chemical precipitation, membrane filtration, and their combination to examine any improvement in terms of contaminant removal and permeate flux. The results showed that chemical precipitation can greatly enhance the permeate flux for subsequent membrane filtration and TP removal efficiency compared to membrane filtration alone. The effluent TP was consistently reduced below 0.05 mg L 21 . The removal efficiencies for turbidity and TOC ranged from 98 and 30%, respectively. Furthermore, the optimum conditions for phosphorus precipitation were found to be at a pH of 11.8 and a molar ratio of 2.0 for MgCl 2 and a pH of 6.1 and a molar ratio of 2.7 for alum. The steady-state permeate flux was greater than 100 L m 22 h 21 , indicating much lower membrane fouling potential compared to that typically encountered in municipal wastewater. Thus, it was concluded that the tested membrane filtration coupled with chemical precipitation could be an effective, compact treatment technology for RAS effluent discharge to meet the stringent regulator requirements.
